Although there are so many reports on the carrier effective mass (m*) of a transparent oxide semiconductor BaSnO 3 , it is almost impossible to know the intrinsic m* value because the reported m* values are scattered from 0.06 to 3.7 m 0 . Here we successfully clarified the intrinsic m* of BaSnO 3 , m*=0.40±0.01 m 0 , by the thermopower modulation clarification method. We also found the threshold of degenerate/non-degenerate semiconductor of BaSnO 3 ; At the threshold, the thermopower value of both La-doped BaSnO 3 and BaSnO 3 TFT structure was 240 μV K −1 , bulk carrier concentration was 1.4×10 19 cm −3 , and two-dimensional sheet carrier concentration was 1.8×10 12 cm −2 . When the E F locates above the parabolic shaped conduction band bottom, rather high mobility was observed. On the contrary, very low carrier mobility was observed when the E F lays below the threshold, most likely due to that the tail states suppress the carrier mobility. The present results are useful for further development of BaSnO 3 based oxide electronics.
Today, transparent oxide semiconductors (TOSs), which show rather high electrical conductivity with large bandgap (E g >3.1 eV), including Sn-doped In 2 O 3 (ITO) and InGaZnO 4 -based oxides are widely applied as transparent electrodes and channel semiconductors for thin-film transistor (TFT) driven flat panel displays (FPDs) such as liquid crystal displays (LCDs) and organic light emitting diodes (OLEDs) [1] . Since the performance of TFT strongly depends on the carrier mobility of channel semiconductor, novel TOSs exhibiting higher carrier mobility have been intensively explored thus far. In 2012, Kim et al. reported that La-doped BaSnO 3 (Space group: 3 Pm m , Cubic perovskite structure, a=4.115 Å, E g ~3.1 eV) single crystal, which was grown by the flux method, exhibited very high mobility (μ Hall ~320 cm 2 V −1 s −1 ) at room temperature [2, 3] .
This report ignited a fire of current research on BaSnO 3 films and BaSnO 3 based TFTs [4] [5] [6] [7] [8] [9] .
Since the mobility is expressed as
, where e, τ, and m* are electron charge, carrier relaxation time, and carrier effective mass, the high mobility of the La-doped BaSnO 3 single crystal would be due to both small m* and large τ. Generally, τ value of epitaxial films is smaller than that of the bulk single crystal due to the fact that the carrier electrons are scattered at dislocations, which are originated from the lattice mismatch (δ [2] The sign of S was negative in all samples, consistent with the fact that La-doped BaSnO 3 is an n-type semiconductor. The absolute value |S| gradually decreased with n.
In order to clarify the intrinsic m*, we plotted the relationship between n and S. We were then able to calculate the DOS effective mass (m*), as outlined in equations (1)-(3) below. When n exceeds ~10 19 cm −3 , |S| was found to monotonically decrease with increasing n, as shown in Fig.   1 . We then calculated m* using the following relation between n and S [18] ,
where k B, ξ, r, and F r are the Boltzmann constant, chemical potential, scattering parameter of relaxation time, and Fermi integral, respectively. F r is given by,
and n by,
where h and T are the Planck constant and absolute temperature, respectively. Using the equations (1) In order to further clarify the intrinsic m* of BaSnO 3 , we measured electric field modulated S of BaSnO 3 based TFT as shown in Fig. 2 . First, 22-nm-thick undoped BaSnO 3 film was prepared
by PLD as described above. Stepped (~0.4 nm) and terraced surface was clearly observed as shown in Fig. 2(d) . Then, 30-nm-thick Ti films were deposited with stencil mask by electron beam (EB; base pressure ~10 -4 , no substrate heating) evaporation, which were used as a source and drain electrode. The channel length (L) and the channel width (W) of the TFT were 800 µm and 400 µm respectively. After that, ~300-nm-thick amorphous 12CaO•7Al 2 O 3 (a-C12A7, ε r =12) [19] film used as a gate insulator which was deposited through a stencil mask by a PLD. Finally, for top gate electrode, ~30-nm-thick Ti film was deposited by EB evaporation as mentioned above. As fabricated TFT device was annealed at 150 °C in air to reduce the off current. Detail of our TFT fabrication process is described elsewhere [19] [20] [21] [22] [23] . Fig. 3(a) ], which indicates the channel was n-type and electron carriers were accumulated by positive V g . An on-to-off current ratio ~10 3 was obtained for V d = 1 V. We observed rather large threshold voltage (V th ) of +5.5 V, which was obtained by the linear fit of Fig. 3(b) ]. Clear pinch-off behavior and current saturation in the I d reveal that the resultant TFT obeys with the standard field effect transistor theory [ Fig. 3(c Fig. 3(d) ]. The µ FE drastically increases with V g and saturates at ~40 cm 2 V −1 s −1 , which is ~60 % of the room temperature µ Hall of La-doped BaSnO 3 (µ Hall ~67 cm 2 V −1 s −1 ).
Then we measured electric field modulated S of the resultant BaSnO 3 TFT (Fig. 2) . For the S measurements, we used two Peltier devices, which were placed under the TFT, to give a temperature difference between the source and drain electrodes [ Fig. 2(b) ]. Two thermocouples (K-type, 150 μm in diameter, SHINNETSU Co.), which were mechanically attached at both edges of the channel, monitored the temperature difference (ΔT, 0-5 K) [Fig. 2(c) ]. The thermo-electromotive force (ΔV) and ΔT values were simultaneously measured at room temperature. The S-values were obtained from the slope of the ΔV-ΔT plots. Detail of our electric field modulated S measurement is described elsewhere [19, 20, [22] [23] [24] [25] . decreases from 308 to 120 µVK −1 with n s , consistent with the La-doped BaSnO 3 films (Fig. 1) . It should be noted that there is a deflection point at around (|S|, n s )=(240 μV K −1 , 1.8×10 12 cm −2 ).
Almost linear relationship can be observed in the S−log n s plot when n s exceeds 1.8×10 12 cm −2 , the slope is ~200 μV K −1 /decade while that is not straight line when n s below 1.8×10 12 cm −2 . This observation is basically similar to that of the La-doped BaSnO 3 films;
Degenerate/non-degenerate threshold is located at around (|S|, n s )=(240 μV K −1 , 1.8×10 12 cm −2 ).
In the degenerate region, the E F locates above the threshold and S obeys the Eq. In the non-degenerate region, E F lays below the threshold. S value does not show clear n dependence. Similar phenomena were also observed in amorphous TOSs, a-InGaZnO 4 and a-In 2 MgO 4 [22] . In case of these amorphous TOSs, structural imperfections lead to the formation of antiparabolic shaped extra state just below the original conduction band bottom and plays an essential role in transistor switching of TOS-based TFTs [26, 27] . In the present case, almost linear shaped extra DOS i.e. tail states would be formed just below the conduction band bottom, possibly due to oxygen deficiency. Such tail states suppress the carrier mobility, therefore, BaSnO 3 films exhibited very low mobility when the E F laid below the threshold.
In summary, we have clarified the intrinsic effective mass of a transparent oxide semiconductor BaSnO 3 , m*=0.40±0.01 m 0 , by the thermopower modulation clarification method. We also found the threshold of degenerate/non-degenerate semiconductor of BaSnO 3 ; At the threshold, the thermopower value of both La-doped BaSnO 3 and BaSnO 3 TFT structure was 240 μV K −1 , bulk carrier concentration was 1.4×10 19 cm −3 , and two-dimensional sheet carrier concentration was 1.8×10 12 cm −2 . When the E F locates above the parabolic shaped conduction band bottom, rather high mobility was observed. On the contrary, very low carrier mobility was observed when the E F lays below the threshold, most likely due to that the tail states suppress the carrier mobility.
We hope the present results are useful for further development of BaSnO 3 based oxide electronics.
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